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GENEI_,L RESEARCH O BJECTIVE

The objective of the proposed work was to design and develop the mechanical equivalent of a stereomicroscope in order
to eliminate the mismatch that currently e,'dsts between one's ability to observe a microscopic environment and one's ability

to manipulate it.

SIGNIFICANT RESEARCH ISSUES

The presence of backlash and Coulomb friction in a manipulator severely impair the ability to implement effective

control of any endpoint force-based quantity. Due to the physics of scaling, these highly nonlinear effects become

increasingly significant with decreasing scale. Consequently, an effective micromanipulator that will enable dexterous

manipulation in a microscopic environment cannot simply be fabricated as a scaled-down version of a conventional-scale
manipulator. Instead, development of a successful microrobot capable of accurate and competent force-controlled

micromanipulation will necessitate elimination or intelligent minimization of surface force behavior.

DESCRIPTION OF PROJECTS

Completed Work

Modeling and Control of Piezoelectric Stack Actuators for Control of Micromanipulation (Goidfarb and Celanovic)
A successful microrobot requires actuation which should minimize surface force influence, have a bandwidth at

minimum sufficient for human-controlled manipulation, and provide a range of motion and endpoint forces suitable for an

optically-based imaging system. The investigator and student considered and tested several actuators with which to actuate

a microrobot, including piezoelectric ceramic, shape memory alloy, electromagnetic devices, and magnetostrictive and

electrostrictive materials. These investigations indicate that piezoelectric ceramic, coupled with an intelligently-designed

transmission, is well-suited to the desired actuation performance. The use of PZT stack actuators for accurate and stable

control of manipulator position and/or force is greatly facilitated by model-based control system analysis and design. The

purpose of this project was to formulate a model of piezoelectric ceramic to provide general insight into PZT behavior as

well as a specific causal mathematical representation for purposes of model-based control system analysis and design The

work resulted in the publication of two journal papers, one entitled :_[odeling Piezoelectric Stack Actuators for Control of

3licromanipulation and one entitled .4 Lumped-Parameter Electromechanical 3/[odel for Describing the Nonlinear

Behavior of Piezoelectric Actuators.

Microgripper Design for Force-Reflective Telemanipulation of a Microscopic Environment (Goldfarb and Celanovic)

The presence of backlash and Coulomb friction in a manipulator severely impair the ability to implement effective

control of any endpoint force-based quantity. Since scaling exacerbates these highly nonlinear effects, effective

implementation of force-based control on a micromanipulator requires intelligent minimization of backlash and Coulomb

friction, an approach which the authors refer to as minimum surface effect

design. In this project, the investigator and student designed, fabricated, and

evaluated a force-reflective teleoperative macro-microgripper pair. This

telerobotic system served primarily as a one degree-of-freedom investigation

of a flexure-based microrobot design. The gripper design, which is pictured

in Figure I, verified the minimum surface effect hypothesis, and the results of
this project serve as the foundation for present work focusing on the design of _1_

a three degree-of-freedom micromanipulator. Please refer to the enclosed

manuscript, entitled ,4 Flexure-Based Gripper for Small-Scale ,¥[anipulation

for a more detailed description of this work.

Figure 1. Force-Reflective

Microgripper.



Design of an Open-Section Flexure (Goldfarb and Speich)

Design of the flexure-based microgripper indicated that flexure-based design offers significant performance advantages

with respect to manipulator control, but when implemented with conventional flexure hinges, the design also presents

several inadequacies. These include a severely restricted range of motion, poor kinematic properties under spatial loading,

and large joint stiffness. Such properties indicate a clear need for an alternative flexure design that offers a significant

range of motion, good spatial kinematic behavior, low joint stiffness, and

operation devoid of backlash and Coulomb friction. The investigator and
student have developed an open-section flexure joint that offers near ideal

flexure properties, as described in the attached paper. This joint is extremely
well-suited for construction of a precision micromanipulator, and has been _

incorporated into the design of the three degree-of-freedom precision '.-

micromanipulator. Please refer to the enclosed manuscript, entitled ,4 Well-
Behaved Revolute Joint for Compliant _Iechanism Design for a more detailed

description of this work.

Design of a High Performance Zero Backlash Three Degree-of-Freedom
Parallel Manipulator (Goldfarb and Perry)

A three degree-of-freedom manipulator provides the force-reflective

interface between the human operator and the micromanipulator. The

investigator and student have designed and fabricated the manipulator, which

is pictured in Figure 2. The mampulator performance has been characterized
(Goldfarb and Beale), and the investigator and students are presently utilizing

the device to conduct control and haptic interface studies (Goldfarb,
Figure 2. Precision Master Manipulator.

Kilchenman, Sirithanipipat). Please refer to the enclosed manuscript, entitled ,4 Compliant-Mechanism-Based Three

Degree-of-Freedom Manipulator for Small-Scale Manipulation for a more detailed description of this work.

Force-Optimized PZT-Based Microactuator Package (Goldfarb and Lipsey)
Piezoelectric ceramic actuators are well-suited as actuators for micromanipulation, with the exception of two major

inadequacies. First, they typically provide only 15 microns of displacement; second, the actuator force decreases linearly

with increasing displacement. Useful micromanipulation under a microscope requires a range of motion of at least five
millimeters cubed, which implies that the ceramic actuator requires a mechanical transmission of approximately 300 times,

without any backlash or friction. Additionally, an ideal actuator should have roughly

constant force capabilities across its range of motion. The investigator and student have

developed an innovative actuator package that incorporates highly nonlinear behavior to

favorably "distort" the output properties of the actuator to achieve a total output

displacement of approximately one millimeter with approximately uniform output force

characteristics. The investigator and student are presently testing this actuator package

to evaluate and characterize its performance. Please refer to the enclosed manuscript,

entitled Design of a 7v[inimum Surface-Fffect Tendon-Based ._[icroactuator for

Micromanipulation for a more detailed description of this work.

Design of a Three Degree-of-Freedom Micromanipulator (Goldfarb and Speich)

The development of the aforementioned flexural revolute joint makes possible the

development of a high performance force-controlled three degree-of-freedom

micromanipulator. The micromanipulator is designed for a workspace of approximately

two centimeters in diameter, positioning resolution of a micron, for forces up to several
hundred miUiNewtons and a force resolution of approximately one part in a thousand. A

two degree-of-freedom prototype, shown in Figure 3, is presently being characterized.

Once tested, the third degree of freedom will be added. Once completed, the three degree-

of-freedom micromanipulator will be one of the most unique and advanced compliant
micromechanisms in existence.

Figure 3. Two DOF

Micromanipulator

Prototype with Split-Tube
Flexure Joints.



Minimizing Distortion in Scaled Telemanipulation (Goldfarb)

The bilateral scaling of a general dynamic environment will introduce distortion of the intensive properties of the

environment, such as the density, viscosity, and modulus of elasticity. A methodology was developed which incorporates
dimensional analysis techniques to form the basis of a constrained optimization problem that enables a set of scaling gains

that minimize the intensive distortion of the environment. This methodology is described in the paper entitled Similari(y

and Invariance in Scaled Bilateral Telemanipulation.

Transparency and Stability in Bilateral Telemanipulation (Goldfarb, Fite, and Speich)

A related subject to the one previously described is the topic of transparency and stability in scaled teleoperation.

Specifically, a bilateral teleoperation system should ideally preserve the "feel" of the environment with which the operator

interacts, and further do this in a robustly stable manner. The latter is particularly important because the machine is in

contact with a human. Previous work published in this area generally maintained that transparency and stability are

competing objectives. A control architecture was developed for a two-channel bilateral control system that utilizes loop

compensation to simultaneously enhance both stability and transparency. This work has not yet been published, but is the

subject of a paper by Fite, Goldfarb, and Speich currently in review.
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